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INTRODUCTION

Standard model [Glashow, 1961, Weinberg, 1967, Salam, 1968]

* Massterms for 7, W= prohibited by gauge invariance

* 1964: Brout-Englert-Higgs (BEH) mechanism

[Higgs, 1964, Brout and Englert, 1964, Guralnik et al., 1964]

— massive Z, W™ and charged fermions

—— Neutrinos remain massless.

beyond the Standard model

1998: Neutrino oscillations —— massive neutrinos

[Fukuda et al., 1998]

* Type-Il: heavyright-handed neutrino singlets [Minkowski, 1977]

* Type-ll: triplet of complex scalars

* Type-lll: triplet of left-handed fermions

[Magg and Wetterich, 1980, Senjanovi¢

and Mohapatra, 1981, Cheng and Li, 1980]

[Foot at al., 1989]

Figure 1: Field content of Type-Il Seesaw.
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INTRODUCTION

Probing BSM models Figure 1: Field content of Type-Il Seesaw.
* Direct searches: observing production and decays of " . y . " A
. riplet-like
BSM particles e charm top gluon | | Higes "0
* Indirect searches: effects of BSM particles in d s b y X"
. pseudo-
processes of known SM particles S B Bl scalar
» Rare loop-induced processes are particularly e U - 7 A*
. electron muon tau Z boson ]flin_g}y !
sensitive to BSM phenomena. chargec
Ve vy, vy 1%%4 AT
electron muon tau b doubly
neutrino neutrino neutrino Al charged

LEPTONS GAUGE BOSONS

Type-1l Seesaw

* Scalar sector contains charged scalar states, which coupleto v, Z, h

We explored Type-Il signatures in e h — vy e ete” = h~y > (predominantly) loop-induced

» LO Type-ll contributions from

eh— Z
Y charged scalar loops 3



The three investigated processes:

h — ~vvy h — Z~

LEP and ATLAS measurement

[Aad et al., 2023]
[Aad et al., 2020]

[Sirunyan et al., 2021]
[Tumasyan et al., 2023]

ete” — hy

CERN’s future electron-positron
colliders:
FCC-ee, LCF, CLIC

My thesis includes:

» Derivation of the analytic amplitudes

> Constraints from h — vy, h = Z~y

» Analysis of et

first SM analytics papers:

[Nanopoulos et al., 1976,

e h— :
77 decay: Voloshin et al., 1979]

e h— Zv decay: [Cahnetal,1979]

+ [Bergstrom and Hulth, 1985,

€ Romao et al., 1986]

e~ — h7vy scattering:

e~ — hvy asafuture probe for Type-Il

analytic formulae for
the associated Higgs
production in Type-I|

Overview of existing literature:

modern reviews:

[Djouadi, 2008,
Marciano et al., 2012]

[Djouadi, 2008,

BSM analytics: Chen et al., 2013]

[Djouadi, 2008] Type-ll phenomenology:

[Arhrib et al., 2019,

[Djouadi, 2008] Nemevéek et al., 2011] 4



PART I:

Theoretical framework

Explaining neutrino masses with Type-Il Seesaw



EXTENDING THE STANDARD MODEL TO TYPE-Il SEESAW
The A triplet

* Introduce a triplet of complex scalars in the adjoint representation of SU(2)
3
T 1 A3 Al — A2
— a Ta — =
2 Z_;AGTf SRV A= (Al +iA? A )

generators in
the fund. rep.

with hypercharge: YA =1

 TransformationunderSU(2): |A = A/ =UAU! U = exp (ie,T¢") € SU(2)

A~ (1 +i0;TE) A (1 — i T}) ~ A +ialTf, Al

Pauli matrices

0 1
=)

( gdj)bc — _Z.Eabc

A~ A+ iozz-T;de ;dj(A) = [T}, A] generators in
the adj. rep.
* Using the definition of electromagnetic charge Q=1T3+Y
LA+ A+ » singly and doubly charged
we find the charges of the A fields A= \/iAO _ LA components of the triplet
V2 > neutral component



AnAl + Ana2 = Apa

EXTENDING THE STANDARD MODEL TO TYPE-Il SEESAW Aa1+ Aaz = Aa

Scalar potential and symmetry breaking

* Constructed from all renormalizable gauge-invariant terms involving Higgs doublet and A triplet

SM scalar potential
Va == 13676 + An (619) |+ mA Tr [ATA] + Aar (Tr [ATA])" + An Tr | (ATA)
+ Ana190 ¢ Tr [ATA] + Apaopt AATS + pupa (¢ (im2) AT + hec.)

* Electroweak gauge group spontaneously broken by the vevs of the scalar multiplets

» Only neutral components 1 0) (A) = 1 0 O
acquire non-zero vevs: (6) = NCR L V2 \(val 0

* From A kinetic terms upon SSB

Higgs vev triplet vev
Type-Ill corrections to the
* Requiring the potential minimized by the two vevs electroweak boson masses:
2 minimization conditions: . 5m%v _ 92’03_\?
aV((d’)a <A>) 2 2 4 )\ 2U4A A 2 1
BN =0 P, = ApU 2 (mA—l— hA”U)— U—4A’U7 (1) ° 6m2Z:§(L(]2_|_g/2),027
2 V2
oV ((4),(A)) —0 ftha = V20n ( )\hA + Aav—ﬁ) (2) o om%4=0. ;
OUA




EXTENDING THE STANDARD MODEL TO TYPE-Il SEESAW

Constraints on the triplet vev

miy o
* pparameter: p= —5 5 * SM prediction: p=1
ms, cos® Ow

« experimentalvalue:  pexp = 1.00031 £ 0.00019

[Navas et al., 2024]

, (m%/v sm Tt 5m%v)
in Type-ll Seesaw:  PType-11 = (m?2

~ 1 — 203 /v?
my gy T 0myz) cos? O VA/Y

From the lower 20 experimental estimate of p and the Higgs vev:

v~ 246 GeV va S 1.5 GeV — | A KV > triplet vev negligible

upper bound on w. r. t. Higgs vev
the triplet vev

the amplitudes derived in the small-va limit: vaA — 0



EXTENDING THE STANDARD MODEL TO TYPE-Il SEESAW

Neutrino masses in Type-ll Seesaw

 Atriplet allows the construction of additional gauge-invariant Majorana-type Yukawa terms:

P —YijE(’iTg) AL & h.c. YA : Yukawa matrix Majorana neutrinos: v°(z) = v(z)

,J © generation indices charge conjugation:

cchT CE-QO
o (0 Y, Yy

v

Ly, = —YITE, (im3) (A)L; + hee. = —Y 7 220¢ ;- + hee.

NG
1

Lonass = _§MijVEiVLj — M, = \/iYArUA neutrino mass matrix

» Type-ll Seesaw includes mass terms for the neutrinos.

» Neutrino masses proportionalto va



EXTENDING THE STANDARD MODEL TO TYPE-Il SEESAW

Scalar‘zoo’in Type-ll Seesaw

* 2+ 3complexscalars =10 scalar degrees of freedom

* Perturbing the fields around the vevs:

(L) e

e Introduced real ( h, 2,9, x) and complex (

* Arranged based on their quantum numbers

o neutral CP-even: h°,§ — h,A°

o neutral CP-odd: z, x — GY,xY

5T \/§5++)

va+0+ixy =0T

+t. 61T, 57T) scalarfields

o singly charged: w*, 6+ — GT,6A*

o doubly charged: 6+ = A**

» They mix to form mass eigenstates.

10



EXTENDING THE STANDARD MODEL TO TYPE-Il SEESAW

Scalar‘zoo’ in Type-ll Seesaw

» To find the mass eigenstates, diagonalize 2x2 real symmetric mass matrices

» For va — 0, the mixing is small; mass eigenstates aligned with the multiplet states

Scalar masses in the small- v limit:

TRIPLET-LIKE STATES

1
2 2 2
MA++ X MA + 5)%&.1’0 ;

1
2 2 2
MA+ ~ Mass + Z)\h/_\2v ,

2 ].

=

A:I::i: A:i:
singly and
doubly charged
scalars

2 2 2
0 X TMA0 = A+ T 5)\hA2fU )

sy
massive / N\

seudoscalar XO
P triplet-like Higgs A’

SM-LIKE STATES

ms ~ 2 \pv®, SM-like Higgs h

2
M~ — O
¢ ’ would-be
> Goldstones
mgo = 0 i Gj: GO

11




PART II:

Phenomenology

Exploring loop-induced Higgs processes in Type-Il Seesaw

12



Parameters of Type-ll Seesaw

Va == 66+ Xy (610)" +mA Tr [ATA] + Aar (Tr [ATA])" +Aay Tr [ (ATA)7]
+ Ana1d O Tr [ATA] + Xy 200" AATG + pipa (¢7 (im2) ATp + hoc.)

Label Parameter

L Higgs mass parameter
SM parameters ) ) :

An Higgs quartic coupling

_ 10 parameters of Type-Ill potential
> Ap, v fixed to SMvalues mAa triplet mass parameter in the broken phase;
» lp from min. cond. (1)

AAT, AA2 triplet quartic couplings — 8independent
Anatls Anaa  Higgs-triplet bi-quadratic couplings — 2min. cond.
LhA Higgs—triplet trilinear coupling
v Higgs vev
VA triplet vev
2 4
pe = Apv® — % (4mA + Apav?) — 22—‘2)\,51;2 NG
2

2
ma 1 v
ftha = V20n 2 + iAhA + )\Aﬁ (2)

13



Parameters of Type-ll Seesaw

Va == 66+ Xy (610)" +mA Tr [ATA] + Aar (Tr [ATA])" +Aay Tr [ (ATA)7]
+ Ana1d O Tr [ATA] + Xy 200" AATG + pipa (¢7 (im2) ATp + hoc.)

Label Parameter

L Higgs mass parameter
SM parameters ) ) :

An Higgs quartic coupling

_ 10 parameters of Type-Ill potential
> Ap, v fixed to SMvalues ma triplet mass parameter in the broken phase;
» lp from min. cond. (1)

AAT, AA2 triplet quartic couplings — 8independent

Type-Il parameters Anat, Anao | Higgs-triplet bi-quadratic couplings — 2min. cond.

LhA Higgs—triplet trilinear coupling
» MrA from min. cond. (2) i
v Higgs vev
VA triplet vev
_ )\ 2 U.z/_\ 4 2 )\ 2 2UA4A )\ 2 1
wrn = hv—?(mﬁ—l— hAv)—U—4Av, (1)
2 2

2
m 1 v
ftha = V20n (U—QA + iAhA + AAU—Q‘) (2)

14



The calculation of amplitudes

 Type-ll parameter space explored through: h — vy, h— Zv, ete” — hy

* Dominant contributions to the amplitudes at 1-loop

Treatment of Type-Ill corrections to the amplitudes:

In full generality, corrections are two-fold:

* vaA <K v:mixing negligible
Mrypert = Msm[, + > Ma, A={A* AFE)
A

l \ MSM‘A ~ Msm

SM amplitude modified to Type-Il loops
account for the mixing of (charged scalars as » Leading-order Type-ll corrections
scalars loop states) enter through charged scalar loops.

» These rare Higgs processes probe couplings of charged scalars to SM-like Higgs, and their masses.

15



Parameters of Type-ll Seesaw

Va = — 13616+ M (670)" +mA Tr [ATA] + Aar (Tr [ATA])" +2az Tr |(ATA)]
+ a1 ¢ Tr [ATA] + Xya2d" AATG + g (67 (i72) AT + hec.)

In the small- va limit, amplitudes for the 3 processes depend on

Higgs-triplet couplings

1
~ 2 9
Chat+ A+ >~ ARAT- TNA++ _m/_\—l-§
1 2 2
Chazat ~ Apar + 5/\hA2, MA+ > Masrs +

In terms of parameters of Type-Il potential

O ABA1

o matraded for ma++

o Apas traded for ma+ — ma+=

Charged scalar masses

Aha1v?

1
4

_)\hA27J2

Label Parameter
[ Higgs mass parameter
AR Higgs quartic coupling
ma triplet mass parameter
AAT, AA2 triplet quartic couplings
Anat1, Apao | Higgs-triplet bi-quadratic couplings
LhA Higgs—triplet trilinear coupling
v Higgs vev
VA triplet vev

Type-ll 10 parameters of Type-Ill potential
parameters in the broken phase;

— 8independent
— 2 min. cond.

16



The calculation of amplitudes

Parameter space which we explore through the 3 processes is 3-dim.

ke . A\ bi-quadratic
A A+t , AEES ARAL: o bling Mass splitting related to coupling Ana2
mass splittin mass of the
P g doubly charged m2 + — m2 +4+ = 1)\;1&2’02
A A 4

Methods:

* Loop integrals evaluated in Mathematica with Package-X [Patel, 2017]

» Dimensional regularization
» Passarino-Veltman reduction [Passarino and Veltman, 1979]

h — v derived in unitary gauge

h — Z~, e"e” — h~y derived in Feynman-"t Hooft gauge

Contributing SM diagram topologies cross-checked in FeynArts [Hahn, 2001]

_|_

* Numerical evaluation of PV functionsin e€" e~ — hy amplitude using Python wrapper t2py [Kriewald, 2026]

17



Computing h — vy decay width

18



Computing h — vy decay width

Figure 3: SM diagrams contributing to 7 — 77 in unitary gauge.

Figure 4: Type-ll diagrams contributing to &~ — 77 in unitary gauge.

AT(E) Y
Aj:(j:)///,lf\/\/\/\, Y /,,—\\\
T A E(+ h----A
h -<\\ :A (£) % o
~_ -~ -
/_\j:(:l:) S Ao~~~ Y Ai(i) Y

(unitary gauge)

* Whboson loops

* fermion loop

> main contribution
from t, b quarks

After loop integration:

On-shell conditions:

(p1 + p2)® = 2py1 - pa = mj;
p?=p5 =0

Photon transversality:

pren(pr) = pyeu(p2) =0

19



Computing h — vy decay width (unitary gauge)

total SM amplitude [Ward, 1950]
2
8 g - og e :
Mgy = My + Z My = (a2 Fsar (p1 - pagh” — plfpg) E,M(m)c‘:“y(pz) Ward identities
f v pi M, =psM, =0

charged scalar loop amplitude (arbitrary scalar A)

ChanvQ4A e?
Map = a

» total amplitude UV-finite

v v binations of
Fa (p1 - pogh” — pipl) €,(p1)en (p2) com .
(4m)2mA He PV functions > satisfies Ward identities

TOTAL TYPE-II DECAY WIDTH (va < v)

> 2 2,2
Typell _ MpGF (@ 2 _ ChanQav _ AT AEE
Phone = 8v/2m (47r) [Erypeni|”s  Frypen = Fsm + ; o, Fn, A={A% AFF}

. summed over both charged scalar states
G r: Fermi constant

1
i C ~ \ — —
o : fine-structure constant hA+AS hAL T o thaz Qax =1

ChAiiAii ~ A\LA1 QAii‘ =2

20



Computing h — Zv decay width

21



Computing h — Z~v decay width (Feynman-’t Hooft gauge)

One-particle irreducible (1PI) diagrams:

~

I ! wW-
h---- ifi h---- W
f Z W-

(a) (b1)
Loop states:
A ,+ b mmed  fermions
* Whboson
* charged would-be

Goldstones

-7 |
1
Dimisme R y+ By :u+
o 1
wt !

(d1) (d2) (d3) (g1) (82) * ghosts

Figure 5: SM 1PI diagrams contributing to & — Z-y in Feynman-t Hooft gauge.

 This set of diagrams is UV-divergent A(SM, 1PT) |, = 2eg°mz gg”

22



Computing h — Z~v decay width (Feynman-’t Hooft gauge)

W ,UJ/"\
gt Co o~
A Z
Reducible h----- h---- dij::
diagrams: Z Z
(WFa) (WFb)
f y J , .
20 ,U Z 20 f\q,(d
ho----- «,mj% ho----- h----- w
A Z A
(WFc1) (WFc2) (WFd1)
W w c*
Z ! z 7 e
h----- h----- - h----- %
VA VA Z
(WFe) (WFf) (WFg1)

Figure 6: SM reducible diagrams contributing to h — Z~y
in Feynman-’t Hooft gauge.

1-loop corrections
to Z-y mixing

* UV divergence of reducible diagrams

Juv

A (SM, WF — —2892?712?

) oy

cancels against UV div. of 1Pl diagrams

Juv

A (SM, 1PI — 28927712?

) oy

» Total amplitude UV-finite

» and gauge invariant.
piLM.u =psM, =0

(satisfies Ward/Slavnov-Taylor identities)
[Taylor, 1971, Slavnov, 1972]

23



Computing h — Z~v decay width (Feynman-’t Hooft gauge)

Figure 7: Type-ll diagrams contributing to &~ — Z+ in Feynman-"t Hooft gauge.

Ai(i

S Sy
AZE) S dn 7 Ai_(i Z Z

(A) (C) (D)

Type-ll couplings

TOTALTYPE-II DECAY WIDTH: / \

Typell M} m% )\
[ Lype- :_h< __Z> IFh_>Z,Y—|—AA:tFA mazx) + Aazs Fa (mAii)|2

—ZY 32w \ T /

combinations of PV functions, such as:

EFa (m) =m% (A (m7,m,m) — A (m%,m,m))

- (’m?L — m2Z) (1 + 2m2C, (0, m37,my,m,m, m))

A: discontinuity of By

24



Constraining Type-II Seesaw through h — vy and h — Z~

25



Constraining Type-II Seesaw through h — vy and h — Zv

Finding the constraints

 Parameters constrained using the experimental measurement of signal strength:

I‘obs

1_‘SI\/I pred
* For different combinations of parameters, computed X

signal strength: 1 =

2
Hexp — Mpred (mAi — MaAL++, MALE, AhAl))

2
X (mAi — mAii,mAii,/\hAﬂ = ( p
7

* Points inthe parameter space for which X2 > 4 excluded at= 20

FType—II
h—~yy(Z)
SM
h—yy(Z)

Type-ll prediction: /i, eq (mAi — MA++, MA+E, )\hAl) =

Measured values: Hexp(P — v7y) = 1.10 £ 0.06

[Navas et al., 2024]

estimated improved measurement:
foxp(h — Z7) =22 £0.7 high-lumi (B — Z7) = 1.0 £ 0.1

[CMS, 2023] [Blas et al., 2025]

26



Constraining the parameter space

Constraints from p(h — v7)

Perturbativity bound (|Apaz| < v47)
[ZZA Below threshold (on-shell h — ATHAFEF))

=)o contours for positive Apa1

data, weaker constraints

60 Z — [Ana1| =0.1
% _—— |/\hA1| =0.2
/ ...... |/\hA1| =0.3
7
40 %
-0
. . . . v 2017
» for positive bi-quadratic coupling, & é[\;
b :
excludes large region with positive mass a0 Z :
litti | Z i
Spltng i% —20 -7 : , Excluded region (y? > 4) for Aj,a; >0
> negative A\,A1 agrees better with the " é s Excluded region (x* > 4) for Apa1 <0

=)o contours for negative Apaq

N

+
[ =
e ®

200 400 600 800 1000 1200 1400
ma++ [GeV]

Figure 10: Parameter regions excluded at 2o for different values of Apa;.
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Constraining the parameter space

» Even in the case of improved measurement, constraints from A — Z~ minuscule

> Related to the suppression of Z, A*() A¥(F) coupling compared to A, A= AFE)

eV]

Al
x

MA+ — Miats |

Constraints from p(h — Z7)

60 A

-]
L

o
I

4

\
b
o

1

|
[@p]
o
1

— |)\I1A1‘ =0.1
=== |Apa1| =0.2
|)\hA1‘ = 0‘3

Excluded region (y2? > 4) for Ayaq > 0
Excluded region (y2? > 4) for Aya1 <0
Perturbativity bound (|[Apaz| < VA7)
[ZZ] Below treshold (on-shell h — ATHEATEF))

20 contours for positive Apaq

=)o contours for negative Apa1

100

200 300 400 5

mazz [GeV]

mat — mat+ [GeV]

Constraints from fipigh-umi(f — Z7)

60 o

40 -

20 4

—

¢

T e ——
e R T T
Sassassmssamamam

— ‘)‘hﬂll =0.1
=== |[Apa1| =02
‘)‘hﬂll = 03

Excluded region (y? > 4) for Ayag >0

Excluded region (y? > 4) for \ya; <0

Perturbativity bound (|Apaz2| < \/E)
FZZ1 Below treshold (on-shell h — ATE AFF))

20 contours for positive Apaq

=== )0 contours for negative Apat

Figure 11: The contour plots obtained using the (a) current and (b) assumed
improved measurement of p(h — Z7).
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200 300 400

mazr: [GeV]

500
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Probing Type-11I Seesaw through associated Higgs production with a
photon in eTe~ collisions

29



Deriving the ete™ — hy cross section (Feynman-'t Hooft gauge)

 tree-level amplitudes proportionalto y. = m./v

» subleading in electron Yukawa

* dominant contributions at 1-loop:

(b)

Figure 12: Tree-level diagrams for eTe™ — h7y.

» inthe calculations, set m, — 0

Topologies contributing in this limit:

tadpoles and 1-loop corr. to y(£)-h mixing

» these amplitudes vanish

Z and W boxes

Z and W penguins

* s-channel effective vertex diagrams

(d) (f)

Figure 13: Some of 1-loop topologies contributing to e™e™ — h~y in the SM. -



s-channel effective vertex diagrams

_ o effective vertex function

\\ v*, Z* ’ can be obtained from
/ h—vv(Z)
.\ y amplitudes

* y% Z*taken off-shell
* changes in momentum direction
* allamplitudes should be computed in the same gauge

(Feynman-’t Hooft)

» Take h — Z~ amplitudes to find h — 4+ in Feynman-'t Hooft gauge

on-shell decay

} ll/t/, h

e
E— 7

7*)2*WN®H—H‘L\
A

effective vertex

31



Type-ll corrections (in va ~ 0 limit)

* charged scalar loops in effective vertices

* penguins and boxes with charged scalars in the loop

» propotional to triplet Yukawa:

VA

2
A my
Mpenguins, boxes X ( )

» These amplitudes could become large for

VA < My,

» For present purposes considered

small-but-not-too-small- valimit: m, < va < v

» LO Type-ll contributions to the scattering
appear in s-channel eff. vertex diagrams

32



Deriving the ete™ — hy cross section (Feynman-'t Hooft gauge)

Analytic results

* finalamplitude expressed in a 6-dim. basis of Dirac bilinears:

V basis
Mete™ = hy)= > BiVi +BiVs + BiVy VPP = (k- €*) 0(k2)po Pr,ru(k:)
e (k2 - %) 0(k2)paPr,ru(ky)
. LR _ —
B! : coefficients of basis vectors V= v(ka)g" P L, ru(k1)

 Ward identities satisfied after adding together the following groups of diagrams:
W boxes + W penguins + s-channel W loops, Z boxes + Z penguins, s-channel f loops.

* Total amplitude is gauge-invariant and is forward-backward symmetric  (sym. under u < t)

unpolarized differential cross section total cross section (unpolarized)
d | max (avoiding collinear divergences)
o m do
— 2|B % + t2|82|2) o= dcos ¢ min = —0.99 , max = +0.99
dcosf 647TS 4 — R i, dcos®
?’ bl

33



Figure 14: SM prediction for the eTe™ — h~v cross section Figure 15: SM contributions to the eTe™ — h7y cross section

as a function of 1/s. The dashed line indicates the branch cut in Feynman-"t Hooft gauge.
at /s = 2my.
: 0.5
: : —_— M — total
0121 : ===t threshold P — bhox
: —— s-channel
! 0.4+ , |
I === s-channel, f loops
: — o e s-channel, W loops
! =
1
1 —
i -
T
‘.-
o
T

200 400 600 800 1000

* decomposition into contributions from different families of diagram topologies in SM:
» amplitudes experience significant cancellations
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Exploring the sensitivity of the cross section to Type-ll effects

* fordifferent pointsin the Type-ll parameters space, computed:

R(0) = OType-11 ratio of Type-Il and SM
OSM unpolarized cross sections

* at 3 center-of-mass energies attainable by some of the future collider projects:

Vs =360 GeV (FCC-ee, CEPC), /s =550 GeV (LCF), +/s= 1000 GeV (CLIC)

[Benedikt et al., 2025] [Abramowicz et al., 2025] [CERN, 2018]
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eV

1

x

1000 C

Nz

R(c) <09 or R(o) > 1.1

» inspectregions unconstrained by Higgs diphoton
decay where

o experiences noticeable departures from SM prediction

Contour plots of the ratio of the predicted Type-IT and SM cross
assume 10% deviations might be detectable

of the Type-1I parameters. The SM prediction is indicated by the solid red line.
D
s

sections at three different /s and evaluated across different combinations

Figure 16

D =) [ o] =t — - o - o

I'— Ne] LD o 1 — (=7} [e’e} I— LD

— — — — — — = - -’ =
1 1 1 1 1
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Figure 16: Contour plots of the ratio of the predicted Type-IT and SM cross
sections at three different /s and evaluated across different combinations
of the Type-1I parameters. The SM prediction is indicated by the solid red line.
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Vs = 360 GeV Vs = 550 GeV
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o =/ ete™ — h~vy more sensitive to Type-II contributions
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CONCLUSIONS

derived analytic formulae for h — vy and h — Z~ decay widths in SM and Type-Il for vaA K v
> found regions excluded at2c by h — vv; h — Z~ offers no additional constraints

provided analytic results for associated Higgs production with a photon in electron-positron collisions in
the Type-ll Seesaw

» employed m, < va < v limit

» once measured, the process might provide access to regions which are comparatively weakly
constrained by the diphoton decay

Future analysis outlook:

direct searches of diphoton decay of the other neutral scalar in Type-Il (A°)
polarized scattering cross section

very-small- VA (large Type-Il Yukawas) regime: additional Type-Il diagrams
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Brief discussion of constraints on Type-ll parameters

Theoretical consistency considerations:
* Vacuum stability

* Tree-level unitarity

* Perturbativity

Constraints from EWPT (S, T oblique parameters, p parameter)

Constraints from direct searches:

* LFV processes

 Cascade decays

* Leptonic (very-small va) and bosonic decays (small-but-not-too-small va), LNV window
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Predicted signal strength

» decoupling of scalar loops for large masses of the doubly charged (Appelquist-Carazzone decoupling theorem)
[Appelquist and Carazzone, 1975]

max — mazx = 10 GeV

2.00 20 mazx — ma++ = 10 GeV
data (20)
_ data (1o)
2.5 1
— a1 = 0.3
-------------------------------- —gar =01
2.0 — M= —0.1
_______________________________________ = - Apa1 = —0.3
N
0.75 1 S =
data (30) 104
0.50 1 data (20)
data (1)
0.25 - — a1 =01 0.5
—_— a1 = —0.1
0.00 —T - ; —— T 0.0 — : :
102 103 ’ 102 103
ma++ [GeV] mass [GeV]

Figure 8: Predicted h — v~ signal strength in Type-II. Figure 9: Predicted h — Z+~ signal strength in Type-IL.
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Decoupling of charged scalar loops in associated Higgs production

Aar = 0.1, max — maz= = 10 GeV

1.021
1,00 fmmmmmmmmmmm e e EFPEEREEREES
0.98 1

—_ —_— /5 =360 GeV

S _ —— /5 = 550 GeV

= 0.96 e

— /5 = 1000 GeV
0.94 1
0.92 1
0.90 ~— : : . :

250 500 750 1000 1250 1500 1750 2000
mazs [GeV]



mat+ —maz+ [GeV]

Constraints from p(h — v7)

Anar = 0.1
® M\ar=03
L] Anar = —0.3

60 -

40 1

201

SO\

DRI

200 400 600 800 1000 1200 1400
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Configuration ARAL ma++ |GeV] ma+ — max= |GeV]
11 400 20
12 0.1 300 0
13 200 -40
21 600 0
0.3
22 400 -40
31 220 60
32 -0.3 250 0

33 300 -60

)‘hAl =0.3

1.00 f===========—~

— Type 11, 21
1.0() f==mmmmmm e

— Type I, 22

— 0.981
S
St
0.96 — Type I, 11
A0 —— Typell, 12
—— Typell, 13
-=== SM
0.94+ : . , . . .
500 1000 1500 2000 500 1000 1500 2000
\/E GeV] \/; (GeV]
Apar = —0.3
— Typell, 31
1.251 -
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500 1000 1500
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2000
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[D)

do
dcosf

_lda

normalized differential cross section (unpolarized) Yy=—————"
o dcos

ma+= = 400 GeV, ma+s — ma++ = 10GeV, M\ag = 0.1

mazx = 400 GeV, maz — mpazx = 10 GeV, \jar = 0.1

1072

V5 =240 GeV
101 Vs =360 GeV 1.03 1 Ve= 2%0 (fev
V5 = 500 GeV ﬁ - igg zex
— 5= ©
Vs = 1000 GeV 1.02 — /5= 1000 GeV
—== SM at /5
= 1.011
\E:
3 1.001
g
~0.99
.98 1
— SM
__________ === Type-Il 0.97 1
—1.00 —0.75 —0.50 —0.25 0.00 0.25 050 0.75 1.00 100 —075 —0.50 —025 000 025 050 075 1.00

cos
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Computing h — vy decay width (unitary gauge)

total SM amplitude [Ward, 1950]
2
6 g . og® :
Mgy = My + Z My = (a2 Fsar (p1 - pagh” — p’fpg”) %(pl)gy(m) Ward identities
f v pi M, =psM, =0

dimensionless factor: Fqy = Fyy + Z NfQ?Ff ,

! 5 arcsin® (ﬁ_1/2) : 6>1
Ny : color factor © Fwo=2430w +3 (28w — Biv) f(Bw),  FB =1 _, (1n 1+\/W_z'7r)2 B<1
Qs : charge am? 4 1-V1-3 ’ '
o Fr=-28;(1+(1—B¢)f(By)) Bi=—5
h

charged scalar loop amplitude (arbitrary scalar A)

CraavQ3e?
B ?27?)27%% Fa (p1-p2g"" — piph) eu(k1)ew (p2) dimensionless factor: Fa = fia (1~ 8af(Ba))
A

Ma

» total amplitude UV-finite

> satisfies Ward identities
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Decay of the triplet-like neutral scalar

3
onGF « 2 0 2 . . _ ] 2
Paosny = o ( ) | Frype-r (A”) | finite-va effect: I' oc v

FType—II (A ) FSM‘A AO + Z AOA;ZC;AmW FA ) A= {Aia A:I:I:}

g Sgmw
(sgv — 2cevp) Fyy — 2 : Z NfQ?ch

0y _
FSM‘A (A ) o QmW qu -

ma+ —MmMa++ — 10 GBV, ma++ = 1000 GGV, )\hAl — AAl — )\AQ = 1,

Cao ey = 1.3-1071° GeV

oA =42 keV : Tao sy =2 2.4-10717 GeV

va = 0.1 GeV



* 1-loop corrections to Zboson and

neutral would-be Goldstone vev (d), (e)

» these amplitudes vanish

(d) (e) (f)
* 1-loop correction to y(£)-h mixing (f)

> also vanish

» inthe calculations, set m., — 0

On-shell conditions:
kl n

P% =mp, P2= ko D
Mandelstam variables:

s= (ki +ko)* = (p1+p2)°,
t=(ki—p1)’ = (p2—ka)” .

u= (k1 —p2)° = (p1 — ka)* .

 amplitudes symmetric under u <>t

* notgauge-invariant on their own
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Forward-backward asymmetry

op —0Op max do O do
- —_— = dcos 0 dcos 6
Ars  OF /0 dcosf Ve OB /min deosf Y

From gauge invariance:

. 1 . : _ _ :
By = 5 (ubj +15}) MP =2 30 (@IBIP + 1B
i=L,R



Table 6.1: SM contributions to the eTe™ — h~y amplitude in Feynman-'t Hooft gauge.

Family of diagrams prefactor BE Bf B BE BL BE sec.
tadpoles + WF corr’s n/a 0 0 0 0 0 0 6.1.2
W penguins E“T;:;V 0 0 0 0 B3 (W pen) 0 6.1.3

7 penguins 6232:; % 0 0 0 0 22 B3(Z pen) 2%,B3(Z pen) 6.1.3

. W

W boxes “i;’f” B, (W box) 0 By (W box) 0 B3 (W box) 0 6.1.4
7 box 166?;:;;%21 22 By (Z box) =3B, (Z box) 22 By(Z box) 23,B5(7Z box) 22 B3(Z box) 2%,B3(Z box) 6.1.4
~* s-channel f: K] K3 K7 6.1.5
J 2 K4 :rK¥% s KY :nK¢ 6.1.5

Z* s-channel

z I I,&’BZ

R I{BZ
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Table 6.2: Type-II contributions to the ee™ — h~ amplitude in Feynman-"t Hooft gauge.

Family of diagrams prefactor BE B BL Bl B B sec.
, e . . oy
~v* s-channel (Type-II) g~1 A Kj A Ki A A 6.2
* g * re b rd kg - -
Z* s-channel (Type-II) T p—— )4£ zLRSZ’A 2rKZ 5 zLRSZ’A 2rKZ 5 ZLAEA ZRREA 6.2
w (- >




THE STANDARD MODEL AS A SPONTANEOUSLY BROKEN GAUGE THEORY

Electroweak symmetry breaking SU(Q)L ® U(l)y — U(l)Q

¢ = (ZZZ) , Yg = 1/2 Higgs doublet () : electromagnetic charge
Q=T3+Y

Electromagnetic charge unbroken

» only the neutral component can have nonzerovev  {(¢) = % (2) : v? = ,uQ//\

Masses of the electroweak bosons:
Expanding around the vev:  would-be Goldstones

(absorbed by the W, Z . m2 B 19%2
bosons) W, SM ™ 4 ’
oF 1 V2wt
gb:(gbo :E U—}—h—l—zz > ° m2Z SM:1(92+9/2)U2
from kinetic terms ’ 4 ’
the Higgs field for the Higgs doublet ® mi s = 0.

Dy = (0, +igT* Wi +ig'YyB,) ¢ ,

.. 9
covariant derivative of the Higgs doublet weak mixing angle tan 0y = E 52



THE STANDARD MODEL AS A SPONTANEOUSLY BROKEN GAUGE THEORY

Lepton masses in the Standard model

Yukawa coupling

« Gauge-invariant terms: LeProns — _yTher + h.c. no right-handed neutrino

Yukawa

I, — (VL) . en l SSB

€L
—yL{(¢)er +h.c. =y (DL EL) (2) en

= —yverer + h.c. = —mcee

» Dirac-type mass term for electron
> Neutrinos remain massless after SSB.
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